gold target.
The spatial resolution was estimated about 1 to 2µm for 100 to 350 µm thick sections with a titanium target.
Compared with the light microscope, strong penetrating ability of X-ray permitted to visualize the internal structures of optically opaque materials.
Further, almost all objects were in focus in X-ray micrographs even for relatively thick sections (100 to 350 µm).
The threedimensional morphology of neurons and glial cells was demonstrated by a stereopair of X-ray micrographs. -X-ray microscope; neuron; Golgistain; stereograph; scanning electron microscope The morphology of neuronal elements is very complicated with various numbers of widely spreading cytoplasmic processes. Three-dimensional reconstruction from serial thin sections, which is one of the classical methods applied to many biological objects, cannot be used for individual neurons without vigorous efforts and labor. Thus, the detailed morphology of neurons has been examined by camera lucida drawings in the form of projection onto a single plane.
In X-ray microscopy, one may use strong penetrating capability of X-ray. Several methods of X-ray microscopy have been designed, such as projection, contact and scanning X-ray microscopy (Hall et al. 1972; Sayre 1980 ). Application of X-ray microscopy has been examined to some biological objects, including nervous tissue (Hall et al. 1972; Saunders et al. 1971 ). Saunders and his colleagues (1971) demonstrated neuronal elements of human brain slices stained by a technique based on the original Gros-Schultz silver stain, with the use of a projection X-ray microscope designed by Cosslett and Nixon (1952) . Resolution limit of the X-ray microscope was reported as 0.1 to 1.0 um, which was enough to see fine cytoplasmic processes of neurons. However, spatial distribution of individual neurons stained by the Golgi method has not been examined. Waltinger (1973, 1978) suggested the utilization of electron beam of the scanning electron microscope (SEM) in projection X-ray microscopy and adapted it to fossils and small insects.
Recently Yada and Ishikawa (1980) have constructed a different type of device for projection X-ray microscopy using a SEM. The system was applied to relatively thick sections of Golgi-stained nervous tissue. The present report describes design of the X-ray microscope and demonstrates three-dimensional view of neurons and glial cells by stereopair of micrographs.
MATERIALS AND METHODS
Adult rats weighing about 200 g were transcardially perfused with phosphate buffered saline followed by 4% paraformaldehyde. Coronal and sagittal slices of the brains were stained with a rapid Golgi method (Valverde 1970) . After staining, they were dehydrated through an ascending series of ethanol and embedded in either hard or soft mixture of Epon. Sections ranging in thickness from 50 to 1,000 tm were made using a diamond disk cutter or a sliding microtome.
The projection X-ray microscope consists of a SEM (Akashi MSM4C-202) and an attachment unit manufactured by Yada and Ishikawa (1980) (Figs. 1 and 2 ). The specimen of an attachment for the projection X-ray microscope. the bottom of the specimen chamber of SEM.
The stage can be moved within ±2 mm into XY-directions by a micrometer and tilted up to h15 degrees. Aperture of the objective lens was 700 µm to get minute but powerful electron beam into the thin target material. The X-ray produced from an intense point source in the target radiates through the specimen and enlarged images can be recorded on a film. The target is positioned between the interior and exterior of the specimen chamber of SEM and acts as a vacuum seal, too. Two kinds of target material, gold and titanium, were used to get different spectra of X-ray. Target-specimen distance is adjustable from 0.1 to 4.0 mm and target-film distance is 58 mm. Thus, magnification range of X 14.5 to x 580 is obtained.
Usually, X-ray micrographs were taken at a low magnification (X 17) and photographically enlarged to about x 300. Working at 10 to 30 kV, beam current into the target was about 20 nA with a pointed cathode. Exposure time required to get optimum contrast to Kodak EM film (FG 4463) varied from 10 to 100 min depending on the thickness of specimens and target materials. Stereopairs of micrographs were taken by tilting the specimens.
RESULTS AND DISCUSSION
X-ray micrographs revealed almost completely fine cytoplasmic processes and cell bodies of neurons and glial cells. Special advantage of X-ray micrograph is that almost all objects are in focus even for relatively thick sections (100-350 ,um). Further, strong penetrating ability of X-ray permits to visualize the internal structures of optically opaque material. Figs. 3 and 4 demonstrate these advantages of X-ray micrographs. Figs. 3a, b, c and d are micrographs taken by light microscopy with a X 40 objective lens, shifting the focus gradually. Only small part of the object is in focus and light does not transmit through some areas where several neuronal elements are crowded. Because of a short focal depth of the light microscope, detailed structures of neurons had been examined by camera lucida drawings or photomontage reconstructed from a numerous number of micrographs. X-Ray micrograph of the same specimen as in Fig. 3 Paldino (1979) calculated that adequate reconstruction of a single pyramidal cell in the visual cortex required digitization of approximately 750 individual frames from a 100 µm thick section. The computer-assisted light microscope is a novel method for this field of research, and permits one to obtain both qualitative and quantitative data of the neuronal elements (Mannen 1978; Paldino 1979 ). However, the system is complicated and cannot be applied to the sections which are opaque to light. The present system facilitates overlooking three-dimensional view of objects. A stereopair of X-ray micrographs taken from a sagittal section of the limbic system are shown in Fig. 6 , which demonstrates the spatial relationship of dispersive neurons and glial cells. The cytoplasmic processes emerging from the cell body of neurons can be seen as fine filaments. The glial cell processes appear flat or knobby, and spread in a two-dimensional manner.
Operation of the projection X-ray microscope converted from a scanning electron microscope has an advantage as compared with a projection X-ray microscope designed by Cosslett and Nixon (1952) . In the latter, focussing of the electron beam into the target was monitored on a fluorescent screen with a x 10 ocular, or by X-ray micrographs of a fine test material, such as 1,500 mesh (Hall et al. 1972 ). In the present system this process can be done by monitoring CRT (cathode-ray tube) display of SEM. When the SEM image of the target becomes sharp by adjusting the focus control of SEM, the X-ray microscope works only by changing the beam control from scanning to spot mode. Horn and Waltinger (1978) have constructed a similar device for X-ray microscopy using SEM. In their device, target material, sample and film are set in the specimen chamber of SEM.
Monitoring of the X-ray microscopic image is a problem to be solved in the present system. We could not see the image of objects until film had been exposed and developed. Low current of the electron beam (20 nA) did not permit to observe it on a fluorescent screen. We are now trying to see it through the image intensifier.
The spatial resolution of the system is mainly limited by two effects, a geometric one and diffraction. The geometrical limit of resolution is almost equal to the diameter of the X-ray source, which depends on two factors, the diameter of electron beam and the spread of electrons within the target. The resolution limit due to diffraction is determined by two factors, the mean wavelength of X-ray and the target-specimen distance (Hall et al. 1972; Yada and Ishikawa 1980) . In the present system, Yada and Ishikawa (1980) obtained the resolution of 0.2µm with a 0.2µm thick gold target, while a 3 µm thick titanium target yielded X-ray image with good contrast and the resolution better than 1 µm. Horn and Waltinger (1978) reported that the resolution power of X-ray projection microscopy in SEM lies just below 1 µm. Exposure time required to obtain optimum contrast was about 10 min for 100 µm thick sections with a titanium target, and 60 min with a gold target. Quality 
